Background Because small, pliable paediatric airways are easily compressed by enlarged lymph nodes, detection of radiographic airway compression might be an objective criterion for diagnosing pulmonary tuberculosis. Objective To investigate the frequency and inter-observer agreement of airway compression on chest radiographs in children with pulmonary tuberculosis compared to those with a different lower respiratory tract infection. Materials and methods Chest radiographs of children with suspected pulmonary tuberculosis were read by two readers according to a standardised format and a third reader when there was disagreement. Radiographs of children with proven pulmonary tuberculosis were compared to those with a different lower respiratory tract infection. We evaluated frequency and location of radiographic airway compression. Findings were correlated with human immunodeficiency virus (HIV) status and age. We assessed inter-observer agreement using kappa statistics. Results We reviewed radiographs of 505 children (median age 25.9 months, interquartile range [IQR] 14.3-62.2).
Introduction
The diagnosis of pulmonary tuberculosis in children is challenging [1, 2] . Samples for testing are often not obtained from children and those that are have a low yield even when the best diagnostic tests are used [3] [4] [5] . The gold standard for diagnosis, culture or Xpert (a molecular test that detects the deoxyribonucleic acid [DNA] of M. tuberculosis) of induced sputum or gastric aspirates only yields positive results in about a 30-74% of children treated for pulmonary tuberculosis [4, [6] [7] [8] . Thus diagnosis of pulmonary tuberculosis in children still relies heavily on epidemiological, clinical and radiologic findings [4, 5] .
Chest radiography remains an important investigation, and it is readily available and provides diagnostic information; however the radiologic signs between lower respiratory tract infections and pulmonary tuberculosis overlap considerably. Lymphobronchial tuberculosis is a known entity in childhood tuberculosis [9] , yet the chest radiograph is a two-dimensional grey-scale modality where lymph nodes are difficult to discern from the other overlapping vascular and mediastinal structures. Not surprisingly, poor inter-observer agreement for detection of hilar lymphadenopathy on chest radiographs, a cardinal radiologic sign for diagnosing pulmonary tuberculosis in children, has been reported [3, 10, 11] , highlighting the need for more objective diagnostic criteria.
Many studies have shown CT to be more sensitive for detecting lymphadenopathy compared to chest radiographs; however CT is not always widely available, especially in high-burden countries [12] . Diagnosis of pulmonary tuberculosis thus still rests heavily on radiographic findings.
Because paediatric airways are small and pliable, particularly in infants, compression by enlarged lymph nodes is likely. Unlike lymph nodes, the lucent airways contrast against the surrounding mediastinal structures on radiographs, thus airway compression can serve as a more objective criterion, enhancing the radiographic diagnostic capability for pulmonary tuberculosis and prompting initiation of anti-tuberculosis treatment as well as oral steroids to prevent worsening symptoms in children with HIV or malnourishment who are at high risk of developing immune reconstitution syndrome.
The aim of this study was to investigate the frequency, location of and inter-observer agreement regarding the presence of airway compression on chest radiographs in children with confirmed pulmonary tuberculosis and those with lower respiratory tract infections from another cause. We also assessed the association with age and HIV infection.
Materials and methods
The Faculty of Health Science ethics committee, University of Cape Town, approved a larger study of novel diagnostics for tuberculosis Diagnosis of tuberculosis in HIV-infected children -development of microbiological and immunological strategies (reference number 045/ 2008) [8] . We obtained separate ethics clearance for this study, which is a secondary analysis of the data collected in the larger prospective study (reference number 815/2014). No additional imaging was performed for the purposes of this study and thus it posed no risk to the patients, falling within the guidelines of the 1964 Helsinki declaration and its later amendments. Informed consent for radiologic imaging as well as the study was obtained for the original larger study from a parent or legal guardian of the participating children as well as assent from children older than 7 years. Patients were anonymised by random encryption, the code of which was kept by the co-author and supervisors.
The larger study included children younger than 15 years who presented with symptoms and signs of suspected pulmonary tuberculosis, specifically "cough or difficulty breathing with one of the following (1) positive household tuberculosis contact within the past 3 months, (2) weight loss or failure to gain weight within the past 3 months, (3) a positive tuberculin skin test, defined as 5 mm or more measured transverse skin indurations in HIV-infected patients or 10 mm or more in HIV-negative patients, or (4) a chest radiograph suggestive of pulmonary tuberculosis" [8] . All children had an intensive workup for microbiological confirmation of tuberculosis, including repeated induced sputum specimens for liquid culture and Xpert. Chest radiographs were performed as part of the diagnostic workup at the time of enrollment. Children were excluded if they had received tuberculosis prophylaxis or had already been on treatment for more than 72 h, if they were unable to attend follow-up appointments such as those not residing in Cape Town, if an adequate sputum sample could not be obtained from the child, and if informed consent had not been acquired.
All children had their HIV status tested if this was not already known. HIV infection was defined as having two positive ELISA (enzyme-linked immunosorbent assay) tests in children older than 18 months or a positive HIV polymerase chain reaction test for younger children (PCR).
Study population
Selected from the database described above, the sample for this study therefore comprised of chest radiographs of children younger than 15 years who were admitted to the Red Cross War Memorial Children's Hospital in Cape Town, South Africa, for suspected pulmonary tuberculosis from 1 February 2009 to 31 December 2013. Further, children were only included if they had a diagnosis of confirmed pulmonary tuberculosis (defined as having one or more cultures or Xpert tests positive for M. tuberculosis on induced sputum) or if they had a different non-tuberculous lower respiratory tract infection (children who presented with respiratory signs but were subsequently not clinically considered to have tuberculosis, had negative cultures and Xpert, were not treated for tuberculosis and had clinical improvement at 1-and 3-month follow-up visits). This was designed to exclude all questionable cases. Chest radiographs that were not available or missing were also excluded from this study.
Study design
Baseline chest radiographs obtained by standardized paediatric protocols between 1 February 2009 and 31 December 2013 in both analogue and digital formats were converted to the Joint Photographic Experts Group format (JPEG) for ease of accessibility to readers not stationed at the hospital. This format allowed for windowing and zooming capabilities. Those meeting the described inclusion and exclusion criteria were interpreted by two readers (a paediatrician with more than 40 years of experience in childhood tuberculosis and a paediatric radiologist with 19 years of experience), both blinded to the initial presenting symptoms of the children, final diagnosis and to each other's findings using a standardised reporting form.
The readers evaluated each radiograph for the presence of airway compression and location thereof (trachea, right main bronchus, bronchus intermedius or left main bronchus).
Where there was disagreement in either the presence or location of airway compression between the two expert readers, the chest radiograph was read by a third reader (a paediatric radiologist with 3 years of experience). Number and choice of readers was limited by resources and availability. The majority findings (minimum of two out of three) were taken as the final result. The standardised reporting tick sheet provided four options regarding airway compression: present (yes), absent (no), maybe, or airway not visible. "Maybe" answers (total of 178/1,209, or 14.7%) were designated as a "yes" in the final analysis because in the clinical setting, doubtful cases would be overcalled to err on the side of caution. This, however, still left three options, so despite a third reader for majority agreement, discordant results still occurred where all three readers ticked different options (yes/no/not visible).
We did not assess the degree of compression or displacement. In cases where the distal trachea and main bronchi were not discernible, this was generally considered to be technical and was assessed as "not visible".
Findings by the individual readers as well as the final results were quantified and correlated to the diagnosis of definite pulmonary tuberculosis as a gold standard. The findings were then categorized into age groups of ≤1 year and >1 year, and were further correlated with the child's HIV status.
Statistical analysis
The statistical software program STATA 14 (STATA Corp., College Station, TX) was used for the analysis of the data and calculation of the sample size for this study. Based on published literature that 30% of children classified as definite tuberculosis would have airway compression [13, 14] compared to an estimated 15% of the children classified as not having tuberculosis, 163 children were required in each group to achieve 90% power for detection of a 15% difference at the 0.05 level of significance.
We used descriptive statistics to summarize radiologic findings of airway compression and demographic variables. Median and interquartile ranges were calculated for non-normally distributed continuous variables, and categorical variables were expressed as frequencies and percentages. Discordant results among the three readers for the final assessment of airway compression (yes/no/not visible) were not included in the final analysis. Statistical tests included chi-square test (adjusted if number was less than 5) to compare proportions, and Kruskal-Wallis to compare medians. Logistic regression was used to explore univariate associations of radiologic findings of airway compression and demographic characteristics between children classified as having definite pulmonary tuberculosis and those with other lower respiratory tract infection; multivariate analysis was used to explore the association of radiologic findings of airway compression adjusted for the possible effect of demographic characteristics (gender, age and HIV status). We also explored an interaction between age and radiologic findings of airway compression. We used the Cohen kappa statistic to determine inter-observer agreement among the expert reviewers; a kappa score of 0-0.2 was considered slight, 0.2-0.4 fair, 0.4-0.6 moderate, 0.6-0.8 substantial and 0.8-1.0 almost perfect [15] . Statistical tests were two-sided with α=0.05.
Results

Baseline characteristics
Of the 1,190 children enrolled in the larger tuberculosis diagnostic study, 1,091 returned for follow-up visits, and among these, 586 radiographs were excluded. These 568 radiographs comprised possible tuberculosis cases and 18 lost chest radiographs (Fig. 1) . Thus a total of 505 chest radiographs form the study population, including radiographs from 188 (37.2%) children with definite pulmonary tuberculosis and 317 (62.8%) from children diagnosed with other lower respiratory tract infections. The median age was 25.9 months (interquartile range 14.3-62.2). There were 273 boys (54.0%), with the proportion of males similar in the two groups; 102/188 (54.2%) in the definite tuberculosis group and 171/317 (53.9%) in the other lower respiratory tract infection group (OR 0.99; 95% CI 0.69-1.41). Of the 505 radiographs 101 were from children aged 1 year or younger, with fewer in the pulmonary tuberculosis group than in the other lower respiratory tract infection group: 23/188 (12.2%) versus 78/317 (24.6%), respectively (OR 0.43; 95% CI 0.26-0.71). There were radiographs from 97/505 (19.2%) HIV-infected children, 407/505 (80.6%) uninfected children and 1 (0.2%) child with unknown HIV status. The proportion of HIV-infected children was similar between the two groups: 39/188 (20.7%) radiographs in the pulmonary tuberculosis group and 58/317 (18.3%) radiographs in the other lower respiratory tract infection group (OR 1.16; 95% CI 0.74-1.83).
Airway compression by location and reviewer
Radiographic airway compression at four locations was assessed by each reviewer (Table 1) . "Not visible" results were not included in the frequency calculations. In addition, discordant results (yes/no/not visible) for each location (3 for tracheal, 7 for right main bronchus, 10 for bronchus intermedius and 12 for left main bronchus). See table 1 majority agreement were not included in the respective final majority agreement calculations. Overall there was airway compression by majority decision in at a least one location in 78/505 chest radiographs (15.4%). In 35/505 (6.9%) there was multifocal airway compression. The airway most commonly affected was the left main bronchus, followed by bronchus intermedius ( Table 1) .
Correlation of airway compression with pulmonary tuberculosis
Radiographic airway compression was significantly more common in children with confirmed pulmonary tuberculosis (54/188, or 28.7%) compared to those with other lower respiratory tract infections for all locations (24/317, or 7.6%; Table 2 ; Fig. 2 ). For overall airway compression at any location, there is approximately a 5-fold increase in odds of having definite pulmonary tuberculosis and an almost 8-fold increase in odds of having pulmonary tuberculosis when airway compression is seen at the left main bronchus (Table 2 ; Fig. 3 ). Of the 35/505 chest radiographs with the majority of readers finding airway compression in more than one location, 25/ 188 (13.3%) had confirmed pulmonary tuberculosis and 10/ 317 (3.2%) had different lower respiratory tract infection (P<0.001).
Correlation of airway compression with age
Radiographic airway compression was significantly more common in infants compared to older children, with infants Fig. 1 Flow diagram of the study population derived from the larger database sample population a At least two of the three reviewers agreed; if all three reviewers had a different result (options: yes/no/not visible), this result was not included in the respective calculations. The difference between the denominator and n equals the number of radiographs with discordant results b Difference between the denominator and n equals the number of not-visible airways, which was not included in the respective calculations having approximately twice the risk of developing airway compression as compared to older children ( Table 3) . The left main bronchus was the most common location in both age groups, followed by the bronchus intermedius ( Table 3) .
Correlation of airway compression with HIV infection
There was no association between HIV infection and radiographic airway compression at any location, with almost equal frequencies in both groups: 39/188 (20.7%) in the group with confirmed pulmonary tuberculosis compared to 58/317 (18.3%) in the group with other lower respiratory tract infections (OR 1.1; 95% CI 0.7-1.8).
Multivariate analysis
By including an interaction term and thus adjusting for the effect of age, HIV status and gender, the multivariate analysis showed a strong association between radiographic airway compression and confirmed pulmonary tuberculosis, with 54/188 (28.7%) children in the group with confirmed pulmonary tuberculosis compared to 24/317 (7.6%) in the group with other lower respiratory tract infections, OR 6.02 (95% CI 3.5-10.5; P<0.001; Table 4 ). CI confidence interval a At least two of the three reviewers agreed. If all three reviewers had a different result (options: yes/no/not visible), this result was not included in the respective calculations. The difference between the denominator and n equals the number of radiographs with discordant results b Multiple sites on a single radiograph were counted as 1 Fig. 2 Chest radiograph in a 3-year-old boy who was HIV-negative. Anteroposterior radiograph shows the mediastinal contour is suspicious for lymphadenopathy (arrows), but there was no airway compression on majority reader agreement. The boy was subsequently diagnosed with a lower respiratory tract infection other than tuberculosis. HIV human immunodeficiency virus 
Inter-observer agreement
Inter-observer agreement amongst the three readers was poor and very variable. Readers 1 and 3 (paediatrician and paediatric radiologist) had the poorest agreement (none) regarding bronchus intermedius compression, while readers 2 and 3 (both paediatric radiologists) had the best agreement at 0.40 (fair [15] ) regarding left main bronchus compression. Yet reader 3 only reviewed 199 chest radiographs compared to 505 and thus cannot be equally weighted as the other two readers. The best agreement between the first two readers was 0.29 at the left main bronchus, whilst the tracheal, right main bronchus and bronchus intermedius compression scored poorly at 0.08, 0.13 and 0.11, respectively. This poor interrater reliability also resulted in the discordant majority agreement (yes/no/not visible) as illustrated in Table 1 .
Discussion
Our findings show that there is a strong correlation between the presence of airway compression on chest radiographs and a definite diagnosis of pulmonary tuberculosis in children, even after adjusting for age. The infant group had the highest prevalence of radiographic airway compression, while the left main bronchus was most commonly involved across all age groups. HIV co-infection did not alter the radiologic picture. However inter-observer agreement was poor, which limits the use of airway compression as an objective criterion for the diagnosis of pulmonary tuberculosis in children on standard radiographs. The overall frequency of airway compression in confirmed pulmonary tuberculosis was found to be 28.7%, compatible with reports in the literature [12] [13] [14] [16] [17] [18] . Although airway compression used alone is not a specific sign, if seen on radiographs it has a strong correlation with pulmonary tuberculosis (5-to 6-fold increased likelihood) compared to other lower respiratory tract infections, thus airway compression should raise the suspicion for pulmonary tuberculosis in an endemic setting, thereby prompting the initiation of treatment much like the identification of lymphadenopathy would. This finding supports other studies reporting no airway compression in their sample of non-tuberculosis cases, although the other studies only included children with mild disease who were just hospitalised overnight [19] or seen at a research clinic [20] .
As supported by the literature, the infant group was found to be at higher risk (double) than older children -because of Table 3 Univariate analysis of the association between airway compression and age Total n=505
Age≤1 year n=101
Age>1 year n=404
Odds ratio (95% CI) CI confidence interval a At least two of the three reviewers agreed. If all three reviewers had a different result (options: yes/no/not visible), this result was not included in the respective calculations. The difference between the denominator and n equals the number of radiographs with discordant results b Multiple sites on a single radiograph were counted as 1 Table 4 Multivariate analysis of the association between airway compression and child characteristics when comparing children with confirmed pulmonary tuberculosis to those with other lower respiratory tract infections Total n=504 a Definite pulmonary tuberculosis n=188
Other lower respiratory tract infection n=316
Odds ratio (95% CI) CI confidence interval, HIV human immunodeficiency virus a One radiograph in a child with unknown HIV status was excluded from the total 505 chest radiographs infants' smaller airways with less cartilage combined with immature immunity [9, 21, 22 ] -of developing radiographic airway compression. These findings are compatible with previous reports in the literature where prevalence ranges from 16% in infants [12] to 29% in children younger than 3 years [17] . Previous authors have reported the bronchus intermedius to be the site most affected by airway compression [9, 23] . This has been attributed to it being a third-order bronchus with a narrower diameter and mostly affected by the "nutcracker phenomenon" caused by enlarged right hilar and subcarinal lymph nodes in pulmonary tuberculosis [9, 21, 23, 24] . These studies, however, used CT in the evaluation of airway compression, scoring the degree of narrowing in only select patients who were already symptomatic of airway compromise [9, 23] . This might explain the contradictory findings of our study, which showed the left main bronchus to be affected approximately twice as often as the bronchus intermedius in both age groups. Supportive of our findings, Andronikou et al. [13] postulated that the left main bronchus's anatomical configuration is longer and narrower compared to the right main bronchus, placing it more at risk for compression. Because our study included a wider range of age and disease severity, our findings might be more representative of the general spectrum of disease, while the smaller-calibre bronchus intermedius might be more affected in children who are symptomatic of airway compromise.
P-value
The World Health Organization reported that impaired immunity caused by HIV is one of the highest risk factors to developing pulmonary tuberculosis [25] . However, consistent with other published literature [6, 17, 20, 23, [26] [27] [28] [29] [30] , our study showed no significant difference in the frequency of airway compression between HIV-infected and uninfected children. This could be a result of the variable and wide degree of disease severity as well as anti-retroviral treatment, which was not assessed.
A disappointing finding was the poor inter-observer agreement amongst the three expert readers. Our third reader reviewed less than half the radiographs compared to the first two readers and thus cannot be equally weighted; however the results highlight the variability of inter-observer agreement. Although our best inter-observer agreement, located at the left main bronchus, is compatible with the previously reported 30% agreement of radiographic interpretation of hilar adenopathy [10] , the fact remains that the inter-observer agreement for radiographs remains low. It should be noted that kappa statistic accuracy decreases if the prevalence of the investigated entity (airway compression) is less than 50%, which would have contributed to the low agreement in this study. However other concomitant factors are the lack of standardised criteria in the definition of airway compression both in the literature and in the core study from which the data were derived, as well as suboptimal visualisation of the airways on standard chest radiographs (Fig. 4) . Factors affecting the latter include poor image quality -a result of various patient and technical considerations not assessed in this study -but also inherent suboptimal resolution of the airways on standard chest radiography. Use of personal computers instead of reporting stations and the post-processing of radiographs, i.e. conversion of the radiographs from analogue to digital as well as to JPEG formats, would have also resulted in further image degradation despite windowing and zooming capability; however better-quality images were unfortunately not available for logistical reasons.
High-kilovolt radiographs were previously used to improve visualisation of the airways compared to standard techniques, but these have largely been abandoned because of increased cost and lack of improved sensitivity [16] . Another study using a narrow-beam low-dose digital radiography scanner (Lodox Systems, Johannesburg, South Africa) showed improved visibility of the airways as well as inter-observer agreement [31] , but this radiographic modality is only available at select tertiary centres in South Africa. In resource-limited settings the widespread installation of these specialized scanners is not a feasible solution.
Strengths of our study include the large sample size with varied ages, different HIV statuses and use of a confirmed pulmonary tuberculosis group as well as a control group of children with different lower respiratory tract infections. However our study has several limitations in addition to those already alluded to in the discussion. First, our study was limited to radiographs of children admitted to a hospital, so our findings might not be representative of children with less severe disease presenting to clinics. Second, the "maybe" results Fig. 4 Chest radiograph in a 2-year-old boy who was HIV-negative but diagnosed with pulmonary tuberculosis. Anteroposterior radiograph shows evident mediastinal lymphadenopathy; however airways are poorly visualised on this radiograph, which resulted in discordant findings (yes/no/not visible) at all locations, highlighting the lack of objectivity. HIV human immunodeficiency virus were added to "yes" results, comprising 178 of the 488 "yes" results (36%), which did skew final numbers; however after the majority agreement analysis, this was not ultimately statistically significant. Third, as part of the larger study readers reported the whole chest radiograph, thus the evaluation of airway compression was not done in isolation; hence the secondary features (collapse and air trapping) might have biased the readers to diagnose airway compression; however this reflects everyday clinical reporting practice. Fourth, the lack of the gold standard (CT) to confirm airway compression precluded the assessment of chest radiograph reporting accuracy and thus potentially skewed the overall statistical results. Similarly, because of the known variable radiographic interobserver agreement and lack of CT validation, airway compression could not be compared to the radiographic presence of lymphadenopathy for the diagnosis of pulmonary tuberculosis. However it would not have been ethically acceptable to expose the children to additional radiation for this purpose. Fifth, the lack of standardised criteria with regards to the assessment of airway compression and poor visualisation of the airways contributed to poor inter-observer agreement. Ideally all three expert reviewers should have been paediatric radiologists, but lack of resources and unavailability precluded this. Also the evaluation of intra-observer variability might have been of value but the readers were unavailable for this to be assessed. Sixth, radiographic quality assessment of airway visualisation on chest radiographs was not reviewed, thus the extent this influenced the findings could not be evaluated; in other words, we could not determine where airway compression was not recognized because of poor-quality images.
We recommend future research with standardised criteria for airway compression, making use of standardised severity scores [12] and including assessment of intra-observer agreement. Comparison of Lodox scanners to CT in the evaluation of airway compression might prove the low-dose technique valuable in the routine workup of pulmonary tuberculosis, while further research into the use of mediastinal ultrasound for the identification of lymph nodes is ongoing [32] .
Conclusion
There is a significant association between airway compression on chest radiographs and confirmed pulmonary tuberculosis compared to different lower respiratory tract infections, particularly in the infant age group, irrespective of HIV status. Left main bronchus was the commonest site involved. However the use of this as an objective criterion for diagnosis of pulmonary tuberculosis in children is limited by poor interobserver agreement.
